A modified β-cyclodextrin (1) tethered with a phenylaminoazobenzen moiety has been synthesized for the purpose of developing a new guest-responsive color-change chemosensor. When the solution became acidic, 1 changed color from yellow to purple due to a structural change of the dye moiety from the azo form to the azonium one by protonation on the azo group. However, the pH titration curve of 1 was affected by the presence of the guest, as shown by the fact that the curve in the acidic region shifted to the neutral side by the presence of 1-adamantanol. This suggests that 1 has a potential to show a guest-induced absorption variation under the acidic condition. Upon guest addition at pH 0.61 at the concentration of 1 with 1 × 10 -5 M, 1 showed a colorless-to-color change. Such hyperchromisity in the absorption spectrum of 1 is associated with a guest-induced conformational change of the dye moiety from inside to outside of the CD cavity, and is used for molecular sensing. Among various guests, 1 was found to be highly sensitive to a steroidal guest having a C12 hydroxyl group in the framework, such as ursodeoxycholic acid and lithocholic acid in an acidic aqueous solution.
Introduction
The molecular recognition of modified cyclodextrins (CDs) is one of topics in host-guest chemistry. [1] [2] [3] [4] Because of an ability of CD forming inclusion complexes with various organic molecules in an aqueous solution, modified CDs can be used as chemosensors working in an aqueous solution. Various types of CD-based chemosensors have been synthesized and their molecular-recognition abilities have been investigated. [5] [6] [7] [8] In these systems, a fluorescent chromophore has been mostly used as the modified moiety. The modified CDs show variations in the fluoresce intensities on binding guest molecules, in which the chromophore moiety changes the location from inside to outside of the cavity of the CD. Furthermore, the chromophore moiety leads to a change in the guest selectivity, as compared with that of a native cyclodextrin. Previously, we reported on dye-modified CDs as being a chemosensor that undergoes a color change in response to the guest molecules. [9] [10] [11] [12] [13] They exhibited unique molecular-recognition behaviors, accompanied by a conformational change similar to that of e fluorescent chromophore-modified CDs. Among them, azo dye-modified CDs showed interesting guest binding and molecular sensing behaviors. For example, a methyl red-modified CD exhibited a color change from yellow to red upon guest binding in an acidic solution, although it could not form an inclusion complex in the neutral condition. [10] [11] [12] [13] [14] On the other hand, a hydroxyazobenzenemodified CD showed a guest-responsive color change from yellow to colorless in a neutral solution. 15 These modified CDs possess a similar azobenzene unit as the modified moiety with only a difference in a substituent group on the unit: the N,N′-dimethylamino group and the hydroxyl one. Such a difference in the substituent group on the azobenzene unit leads to variations not only in the color of the modified CD, but also in the molecular-recognition abilities. Therefore, the substituent group introduced on the azobenzene unit is important for determining their color and molecular-recognition abilities for the modified CDs. When a planar phenyl group is used as a functional substituent group onto the azobenzene unit, the modified CD (1) would show a remarkable color change because of expanding a resonance structure of the azo dye unit (Chart 1). This might lead to a marked color change in response to the guest, and a unique guest binding ability. Here, we report on the synthesis and molecular recognition of the dye-modified CD, 1, in which N-phenylamino group is introduced onto the azobenzene unit as the functional substituent group. 1 may show a remarkable guest-responsive color change, which results from the expanding resonance system of the dye units.
Experimental

Materials
The β-CD was a gift from Nihon Shokuhin Kako Co., Ltd. All chemicals were of reagent grade, and were used without further purification, unless otherwise noted.
Synthesis
A 6-deoxy-6-amino- [4-{4-(phenylamino) phenylazo}benzoyl]-β-cyclodextrin (1) . A dimethylacetamide solution of 4-(4′-phenylaminoazobenzen)carboxylic acid (PABA) (0.50 g, 1.57 mmol), dicyclohexyl carbodiimide (0.37 g, 1.79 mmol), and 1-hydroxybenzotriazole (0.24 g, 1.78 mmol) was stirred at 0 C for 30 min. To the mixture was added 6-deoxy-6-amino-β-CD (2.78 g, 2.42 mmol). The resulting solution was stirred at 0 C for 2 h and subsequently at room temperature for 1 day. After the insoluble material was removed by filtration, the filtrate was concentrated by a rotary evaporator, and the concentrated was poured into acetone (500 mL) to form precipitates, followed by washing with acetone (300 mL) several times. The crude product was recrystallized from water (800 mL), followed by being recrystallized from methanol (350 mL) to obtain the desired product as an orange powder (90 mg 3.95%). The purity of the product was checked with TLC, 1 
Measurements
1 H-NMR spectra were recorded in D2O at 25 C on a Bruker AVANCE 400 spectrometer. Absorption and circular dichroism spectra were recorded in a 30% ethylene glycol aqueous solution at 25 C on a Shimadzu UV-3150 spectrophotometer and a JASCO J-820, respectively. The concentration of 1 was 1.0 × 10 -5 and 3.0 × 10 -5 M for measurements of the absorption and dichroism spectra, respectively. The pH of the solutions was measured on a Beckman 720 pH meter, which was calibrated at 25 C with pH standard solutions of pH 4.00, 7.00, and 10.01. The uncertainty in the pH was always less than ±0.03 logarithmic unit. Hydrochloric acid was used to set the pH for the pH titration experiment.
Determination of apparent pKa, and binding constants
The apparent pKa values of 1 were estimated by following
where Aobs is the absorbance at 550 nm for 1. Ka is the value of the acid-base dissociation constant between unprotonated and protonated species. At the certain pH, 1 assumed to exist as unprotonated and protonated species, whose absorbance can be expressed as A and A + , respectively. [H + ] is the concentration of the proton evaluated from the pH of the solution.
On the other hand, the following equation describes the complex formation in this system:
The values of the host-guest binding constants for 1:1 association, K, were evaluated as follows:
where H0 and G0 represent the initial concentration of the host, 1, and the guest. ΔA represents the difference in the absorption intensity at 540 nm for the host alone and, in the presence of the guest. When all hosts exist as an inclusion complex, ΔA is equal to ΔAmax.
Results and Discussion
Absorption and induced circular dichroism spectra of 1 Figure 1 shows the absorption spectra of 1 (0.01 mM) under various pH conditions. In the neutral condition at pH 6.71, 1 exhibited yellow with the absorption band being around 450 nm, indicating that the dye moiety exists as an azo form. With decreasing pH of the solution, 1 changed color to purple with a decrease and an increase of the absorption intensities at around 450 and 540 nm, respectively, accompanied by an isosbestic point at 479 nm. The band around 540 nm would be associated with an azonium form, which is a protonated form on the azo group; the band was observed at longer wavelengths as compared to that for p-methyl red-modified β-cyclodextrin (2) by ca. 30 nm. 10, 14 This may be due to expanding a resonance system by replacing the dimethylamino group in 2 with the phenylamino one in the terminal unit of the dye moiety. Therefore, the spectral variation of 1 indicates a structural change of the dye moiety from the azo form to the azonium one, which exist in an acid-base equilibrium. In the presence of 1-adamantanol (1AN) as a guest, 1 revealed a pH-induced absorption variation similar to that in the absence of the guest. It was found, however, that the pH titration curve was shifted to the neutral side, as compared to that in the absence of 1AN, as shown in Fig. 2 . Such a guest-induced shift in the pH titration curve resulted from a shift in its apparent pKa of 1, which is estimated to be 0.53 ± 0.03 and 0.92 ± 0.03 in the absence and the presence of 1AN, respectively. These results suggest a change in an environment around the dye moiety of 1 due to the presence of the guest. The dye moiety interacting with a hydrophobic CD cavity is excluded by the guest, and is exposed to a bulk water solution. Figure 3 shows the induced circular dichroism spectra of 1 at various pH. At pH 6.85, 1 revealed a negative band, and a positive one around 420 and 470 nm, respectively. The analysis of the second derivatives of the absorption spectrum of 1 at this pH gave electronic transitions at 410 and 475 nm, ascribing to the π-π* and the n-π* transition, respectively. 16 Since the transition moments of the π-π* and the n-π* transitions are parallel and perpendicular to the long axis of the dye moiety, respectively, the dichroism signs observed imply that the dye moiety is included in the CD cavity with an orientation perpendicular to the CD axis of 1. [17] [18] [19] However, the inclusion of such a long residue in the cavity of β-CD perpendicularly seems unlikely. Perhaps the dye moiety lies on the surface of the rim of the primary hydroxyl group side perpendicularly, so as to cap the CD cavity. Such a structural feature of 1 is similar to 2. 14 The dye moiety might be included in its cavity perpendicularly, rather than the intermolecular interaction, in which the dye moiety is included in the cavity of another CD. With decreasing pH, the negative band and the positive one around 420 and 470 nm decreased, accompanied by the isoellipiticity point at 437 nm. This observation suggests that the interaction of the dye moiety and the CD cavity is reduced. Protonation on the dye moiety would cause the decrease in the hydrophobicity in the dye moiety. Figure 4 shows the absorption spectra of 1, alone and in the presence of 1AN at pH 0.6. 1 exhibited a guest-induced hyperchromic effect upon the addition of 1AN. The increase of the absorption intensity at around 540 nm with increasing 1AN concentration is explained by a structural change of the dye unit from the azo form to the azonium one. The protonation on the azo group is due to the exclusion of the dye unit from inside to outside of the cavity upon 1AN accommodation. Similar spectral variations were observed when other organic compounds were used as guests. From the viewpoint of using 1 as a sensory system for detecting molecules, 9, 10 we have evaluated the sensing ability of 1 for various adamantane and steroidal guest compounds (Fig. 5) . The guest-induced variation in absorbance at 540 nm, which is normalized by the original absorbance (ΔA/A0), was used as a sensitivity parameter to evaluate the molecular-recognition ability. Table 1 summarized the sensitivity data for the examined guests. 1 recognized 1-adamantanecarboxylic acid (1AC), which has the carboxyl group instead of the hydroxyl group of 1AN, with the highest sensitivity of 0.171. This may be due to the hydrogen bond with the carboxyl group of 1AC and the hydroxyl group of CD, which makes the inclusion complex stable. On the contrary, 1-adamanataneamine (1AA), which has an amino group, was not detected by 1. 1AA has a positively charged ammonium cation in this condition, which seems unfavorable to be included in the hydrophobic CD cavity. Among the steroid compounds, ursodeoxycholic acid (UDCA) and lithocholic acid (LCA) were detected by 1 with higher sensitivity than other steroid compounds, such as cholic acid (CA) and deoxycholic acid (DCA). This difference in the detection ability of 1 for a steroidal guest may be associated with the hydroxyl group at C12 on the framework in the guest. 1 could recognize the steroidal guest with no hydroxyl group at C12 on the framework. Such recognition ability was confirmed by the result that chenodeoxycholic acid (CDCA), which has no hydroxyl group at C12, was detected by 1 with relatively high sensitivity. Although a similar trend was observed in the case of 2, the recognition ability of 1 was more remarkable than that of 2, as shown by the fact that the ratios of the sensitivity value of CA and DCA versus UDCA for 1 are estimated to be 0.0067 and 0.0267, while those for 2 are estimated to be 0.149 and 0.183. It can be concluded, therefore, that 1 shows a high sensitivity for a steroidal guest having no hydroxyl group at C12, as compared with those having the group at C12.
Guest-induced absorption and induced circular dichroism spectra of 1
Finally, we evaluated the binding constants of 1 from a nonlinear least-squares curve-fitting analysis of the guestinduced absorption variation at 540 nm (Table 1) . Among the guests examined, the binding constant of 1 with LCA was estimated to be 320000, which is larger than the other guest, such as UDCA and CDCA, whose binding constants were one third, and one order smaller as compared to LCA, while the binding constants for CA and DCA were two orders smaller than that for LCA. The order of the binding constants for steroidal guests was roughly parallel to the sensitivity values. On the other hand, the binding constants with AN derivatives were estimated to be one order smaller than those with UDCA and LCA. These are in good agreement with data obtained in the sensitivity values. It was obvious that the binding constant for adamantane derivatives was different upon substitution on the backbone in this condition. This is also very coincident with the sensing data, although it is not clear about the effect of expanding resonance on the molecular recognition. All of these data demonstrate that the many color changes modified cyclodextrin with the different azo-dye moiety, and therefore different molecular-recognition abilities, may be constructed on the same basis.
Conclusions
A modified β-cyclodextrin (1) tethered with a phenyl aminoazobenzen moiety was synthesized as a guest-responsive colorchange chemosensor. The dye moiety caused not only a marked color change, as compared to the modified β-cyclodextrin tethered with a dimethylaminoazobenzen, 2, because of expanding the resonance system of the dye unit, but also the remarkable molecular-recognition ability to the steroidal guest having the C12 hydroxyl group in the framework, such as ursodeoxycholic acid and lithocholic acid in the acidic aqueous solution. All of these data demonstrate that this system, and more sophisticated systems designed on the same principle, may be applicable for the detection of various kinds of organic molecules by hyperchromisity in aqueous solutions. 
